Sodium titanate (NTO) nanosheets were directly synthesized in supercritical water using a flow hydrothermal reaction system (FHRS) from Ti-sols and NaOH solutions. The syntheses were carried out at temperatures from 350 to 410°C, at pressure of 30 MPa, for reaction times from 0.25 to 0.67 s, and initial Na/Ti molar ratio of 2.5 to 10. X-ray diffraction (XRD), Raman spectroscopy, Transmission electron microscopy (TEM), BET surface area, TGDTA analyses, and Dynamic light scattering (DLS) techniques were used to characterize the samples. Single phase of NTO was achieved under supercritical conditions (>400°C) at initial Na/Ti molar ratio >5. The NTO nanosheets have lateral dimension in the range of approximately several submicrons and thickness in the order of nanometers which are stacked nanosheets with 4070 m 2 /g of specific surface area. Hydrogen ion-exchange and tetrapropylammonium intercalation properties of NTO synthesized by FHRS were compared with those of solid-state reacted NTO. Intercalation of tetrapropylammonium ions into FHRS NTO can readily occur due to enlargement of interlayer spacing after hydrogen-ion exchange whereas it did not take place on the solid-state reacted NTO owing to the shrinkage of interlayer spacing after hydrogen-ion exchange.
Introduction
Layered metal oxide semiconductors have attracted much attention owing to their ion-exchange/intercalation properties 1)5) as well as high photocatalytic activities. 6)8) Among the layered titanate compounds, sodium titanate (Na 2 Ti 3 O 7 ) is of interest as precursor of the oxide anode materials for advanced lithium-ion batteries. Calcinated the parent Na + /H + ion exchanged H 2 Ti 3 O 7 samples from Na 2 Ti 3 O 7 precursor exhibited superior cycling performance. 9) Na 2 Ti 3 O 7 are conventionally synthesized by solid-state reaction of titania and Na 2 CO 3 powders at temperatures over 800°C for 20 h 1),10) and from K 2 Ti 6 O 13 in molten NaCl at 850°C for 12 h. 11) Although the solid-state method is simple and convenient, there are some drawbacks such as coarse particles with non-uniformity due to the volatility of alkaline constituent at high temperature. In contrast, hydrothermal routes are suitable for preparing fine and uniform powders of high purity in a single step without requiring expensive reagents. Na 2 Ti 3 O 7 particles can be produced by the conventional hydrothermal method at high concentration of NaOH (10 M or 25 mol %).
12)15) Such high alkalinity conditions usually causes serious corrosion of reaction vessel and results in more difficult waste treatment, thereby an industrial production of this material would be more hindered.
Supercritical water (SCW) is a new reaction media to synthesize nanomaterials based on the beneficial properties of SCW such as low viscosity, high diffusivity, zero surface tension, and an environmently benign solvent. Supercritical water gives favorable reaction field for nanoparticle formation owing to the enhancement of the reaction rate and high supersaturation based on the nucleation theory due to lowering the solubility. To achieve the short reaction process in the second order under supercritical conditions, flow hydrothermal system is preferable since rapid heating and cooling is available in tubular reactor. Furthermore, the flow supercritical hydrothermal process would appear to have good potential as continuous process because the short reaction times could allow high through-put synthesis. We have prepared K 2 Ti 6 O 13 nanorods and Li 4 Ti 5 O 12 nanoparticles using a supercritical flow reaction system at 400°C and 30 MPa from titania-sol and KOH or LiOH solutions. 16 ),17) While as far as we know, the synthesis of sodium titanate nanosheets via flow supercritical hydrothermal process has been reported by J. A. Darr et al., 7) where titanium bis(ammonium lactate) and 15 M NaOH solution were used as starting materials. Using supercritical water conditions, the KOH concentration needed in the preparation of KNbO 3 can be reduced far lower than that for conventional hydrothermal method. 18) In this paper, we have tried to synthesize sodium titanate (NTO) nanosheets directly from Ti-sol and NaOH solution with relatively lower concentration (<1 M) using a flow hydrothermal reaction system. The ion-exchange and intercalation properties of as-synthesized NTO nanosheets were investigated compared with those of the solid state-synthesized NTO.
Materials and experimental section 2.1 Hydrothermal synthesis
Titanium dioxide sols (Ishihara Techno Co. Ltd.; STS-100: TiO 2 6%, crystallite size 5 nm, pH 3.4) and sodium hydroxide (NaOH; 85% Wako Pure Chemicals Co. Ltd.) were used as starting materials. The TiO 2 sol was dispersed into deionized water, and the concentration of Ti was adjusted to 0.1 or 0.2 M, respectively. The concentration of NaOH was adjusted in the range from 0.25 to 1.0 M. Schematic diagram of flow hydro-thermal reaction system (FHRS) used in this study was shown in Fig. 1 . Each of the Ti-sol and NaOH solution were fed forward to a reactor by high-pressure pumps (Nihon Seimitsu Kagaku NP-KX-500) at a flow rate of 5 g/min, and these two streams were mixed at the first mixing point, MP1. On the other hand, deionized water was fed by another high-pressure pump at a flow rate of 40 g/min and heated to an appropriate temperature by an electric furnace. The reactant mixture of Ti sol and NaOH was mixed with the supercritical water at the second mixing point MP2. The temperature and pressure of the hydrothermal reaction were set to be 350410°C and 30 MPa, respectively. The reactant was maintained at 350 to 410°C in a 1/8 inch SUS tube reactor (inner diameter: 1.25 mm and length: 35 cm). After the prescribed reaction time period, hydrothermal reaction was quenched by cooling at the end of the reactor. The product solution was depressurized with a back pressure regulator (Tescom Corporation 26-1761:200-10,000PSIG). Particles were recovered as a slurry solution, separated with a membrane filter (pore size 0.025 m) as aggregation, washed with pure water, and then dried at 60°C in an electric oven for 24 h. Experimental conditions for each run are given in Table 1 . Reaction time, t, was calculated using the following equation:
where F is the total flow rate (g/s) and V is the reactor volume (cm 
Ion exchange and intercalation
The solid-state synthesized NTO was prepared at 800°C for 20 h and after grinding, calcination at the same temperature for another 20 h. 1),10) The as-solid-state synthesized NTO was treated with 0.5 M HCl solution at 60°C for 6d. 9) Then, hydrogen-ion exchanged titanate was reacted with 0.5 M tetrapropylammonium (TPA) hydroxide solution at 25°C for 5d. In the case of supercritical hydrothermal synthesized product, hydrogen ionexchange was carried out using a 0.1 M HCl solution at 60°C for 2d. And intercalation of TPA was conducted with 0.05 M TPAOH solution at 25°C for 3d.
Characterization
The crystal phase of the products was determined by X-ray diffraction measurement (XRD; Rigaku Co. Ltd., Model RINT 2000). Raman spectroscopy was carried out on a JASCO model NRS-3100 using a 100 mW laser with a wavelength of 532 nm. Particle size and the morphology of the obtained particles were examined by transmission electron microscopy (TEM; FEI Co., Model TECNAI-G2). Thermogravimetric analysis was performed using a Bruker TGDTA simultaneous thermal analyzer (model 2000SA) at a heating rate of 10 K/min under air flow condition (100 ml/min) to determine the water and organic content of powder samples. BET surface area of the powder samples was measured by nitrogen adsorption and desorption apparatus (QUANTACHROME Co. Ltd., CHEMBET 3000). The particle size in a dispersed solution was evaluated with the DLS (dynamic light scattering) method (Otsuka Electronics Co. Ltd. FDLS-3000). The mean particle size was calculated using the cumulant analysis. The elemental contents were measured with an inductively coupled plasma (ICP) atomic emission spectrometer, Seiko instruments SPS7800, after dissolving the products in conc. nitric acid.
3. Results and discussion 3.1 Hydrothermal synthesis of NTO nanosheets using a flow reaction system. JCS-Japan appeared at 2ª = 9°, whereas the anatase phase was coexisted [ Fig. 2(c) ]. In the XRD profile for the sample prepared at 400°C with the initial Na/Ti molar ratio of 5 [ Fig. 2(d 20) The d-values of (100) and (002) were larger than those of monoclinic Na 2 Ti 3 O 7 (JCPDS 072-0148), whereas the d-values of (110) and (020) Raman spectra of as-synthesized product and its hydrogen ion exchanged sample are shown in Fig. 3 , where the Raman shifts of 179, 270, 385, 444, 693, and 906 cm ¹1 are similar to those of Na 2 Ti 3 O 7 reported by J. A. Darr. 7) The Raman band at 270 and 444 cm ¹1 can be attributable to NaOTi stretching and framework of TiOTi vibrations, respectively. Raman band at 693 cm ¹1 is assigned to TiOTi stretching in edge shared TiO 6 . The band at 906 cm ¹1 is due to the symmetric stretch of short TiO bonds involving non-bridging oxygen atoms associated with sodium ions, whereas the band was shifted to 926 cm ¹1 for the hydrogen ion exchanged sample. Accordingly, the present products possess the similar framework structure of sodium titanate, Na 2 Ti 3 O 7 . Figure 4 shows representative TEM micrographs of the hydrothermal product at 400°C, 30 MPa, 0.37 s with Na/Ti initial molar ratio of 5. These micrographs revealed that the synthesized products were stacked nanosheets with several submicron meter-sized particles indicating layered materials. In Fig. 4(d) , the lattice fringe corresponds to a d-spacing of ca. 0.9 nm, which is somewhat smaller than the d-spacing (0.99 nm) on the peak at 2ª = 8.9°in the XRD patterns (Fig. 2) .
The specific surface area for the as-synthesized powders and mean particle size measured by DLS for the as-synthesized dispersions are listed in Table 1 . Specific surface area for the assynthesized NTO powders are 4070 m 2 /g whereas the anatase containing products synthesized at 370°C or lower exhibited over 100 m 2 /g. The specific surface area correlated with the mean particle size (MPS) measured by DLS which is aggregated particle size in dispersed solution.
Ion-exchange and intercalation property
Ion exchange and intercalation properties of the as-synthesized NTO were investigated in comparison with those of solid-state synthesized NTO. There was no shift for the product treated with tetrapropylammonium hydroxide. Based on the TGDTA analyses of the solid state synthesized NTO, there is no exothermic peaks observed in DTA curve for TPA intercalated NTO. The weight losses for hydrogen ion-exchanged and TPA intercalated NTO were 6.6 and 7.5%, respectively. Only hydrogen ions were exchanged with sodium ions in NTO, indicating that water molecules were not accompanied with hydrogen ions. In addition, TPA ions were scarecely intercalated into the HTO layer presumably due to the narrow gallery of the interlayer. For the intercalation of bulky ions such as TPA ions, alkylamines are pre-treated with the proton-exchanged titanates via acid-base reactions to form alkylamine-titanates with enlarged interlayer spacings. 22.23 In the case of the solid state synthesized sodium titanate, layered crystals are not readily delaminated without exfoliating agents such as alkylamine due to strong interaction between the layers.
The d-spacing of the hydrogen ion-exchanged hydrothermally synthesized NTO shifted to 1.12 nm [ Fig. 5(e) ], indicating that interlayer spacing was enlarged with hydrogen exchanging. In addition, d-spacing was shifted to 1.68 nm after treating with TPAOH [ Fig. 5(f ) ], indicating that intercalation of TPA takes place without pretreatment of alkylamine. The interlayer distance of 1.68 nm is approximately equal to the geometric size of the TPA ions, suggesting a monolayer arrangement in the interlayer. These ion-exchange and intercalation behaviors for hydrothermal NTO are much different from those for the solid-state synthesized NTO. In the present study, sodium titanate nanosheets are directly synthesized using a supercritical flow reaction system and readily intercalated with tetrapropylammonium ions. The merits of the supercritical flow reaction system is that the NTO nanosheets can be directly prepared.
The crystallite size of the solid-state synthesized and hydrothermally synthesized NTOs was estimated from the (100) peak and summarized in Table 2 . Based on the XRD analyses, crystallite size (100) for the solid state reacted sodium titanate is much larger than that for the hydrothermally synthesized NTO. This is supported by the TEM observation. According to the TEM photos, the solid-state synthesized NTO exhibited clear morphology with several micron lateral size and thick plate (Supplemental Fig.) . On the other hand, hydrothermally synthesized NTO has several sub-micron lateral size and thin and flexible sheets. In addition, the particle sizes correspond to the thickness of the layers, therefore hydrothermal synthesized NTO exhibited stacked nanosheets and solid-state NTO possessed thick plate crystals.
TGDTA curves for the hydrothermally synthesized NTO, its treated with HCl solution and its treated with TPAOH solution were shown in Fig. 6 . The weight losses for NTO, HTO, and TPA intercalated HTO were 15.2, 18.7 and 37.2 wt %, respectively. In DTA curves endothermic peaks were observed under 110°C, indicating that interlayer water existed. In DTA curves for HTO and TPA intercalated HTO, sharp exothermic peaks were observed at 319, 315 and 442°C, respectively, indicating that structural water and organic compound were decomposed at those temperatures. Na/Ti molar ratio, weight losses upto 600°C, constituent formulae, and specific surface area of the as-synthesized and treated samples are listed in Table 2 . Based on the ICP analyses of dissolved solution of as-synthesized products with concn. HNO 3 solution, Na/Ti molar ratio of the hydrothermal product was ca.0.25, which is not matched with the ideal composition of Na 2 Ti 3 O 7 (Na/Ti = 2/3).
Based on the elemental analyses and TG analyses, the estimated compositions for the hydrothermally synthesized NTO, hydrogen ion exchanged HTO, and TPA intercalated HTO were as follows: Na 0. In the case of hydrothermally synthesized NTO, hydrogen ions are exchanged with Na + ions accompanied with hydrated water, thus, interlayer spacing was enlarged after treating with HCl solution. Intercalation of TPA was almost 2/3 for the hydrogen sites of HTO, presumably due to the size difference between hydrogen ions and tetrapropylammonium ions, which are more bulky ions compared with hydrogen ions.
Conclusion
In this study, the sodium titanate (NTO) nanosheets were directly synthesized by flow hydrothermal reaction system (FHRS) with Ti-sol and NaOH solution as starting materials. XRD analyses revealed that the NTO single phase was achieved under supercritical conditions (>400°C) at the initial Na/Ti molar ratio >5. The NTO nanosheets have lateral dimension in the range of approximately several sub-microns and thickness in the order of nanometers.
Tetrapropylammonium (TPA) ions can intercalate into hydrogen ion-exchanged NTO synthesized by FHRS upto 2/3 ionexchanged capacity due to the enlarged interlayer spacing, while TPA could not intercalate into the hydrogen ion exchanged NTO synthesized by the solid-state reaction owing to the narrow interlayer spacing.
Flow hydrothermal reaction system (FHRS) is convenient powerful tool for NTO nanosheets production since it can continuously produce under rapid reaction times in the seconds order with a single step.
